CholesteRol is an independent Risk faCtoR foR atheRosCleRosis
The relationship between cholesterol and AS has been defined after more than a 100 years of exploration.
In 1889, Lehzen and Knauss reported that a 3-year-old girl with xanthomas experienced sudden death at the age of 11 years. The anatomy revealed that the aorta and other major vasculature, including the coronary arteries, had extensive xanthomas. Her 9-year-old sister also had cutaneous xanthomatosis. [1] In 1908, Pinkus and Pick for the first time described the specific elevation of cholesterol, rather than triglyceride, in blood and lesions of these patients. This suggested that cholesterol deposits in blood vessels and under the skin are responsible for the formation of xanthomas. [2] In 1910, the German chemist Adolf Windaus discovered that there were massive cholesterol deposits in AS plaque, and its content was 20-26 times greater than normal arterial walls. [3] In 1913, pathologist Anitschkow created the first AS animal model by feeding rabbits with 60 egg yolks within 70 days.
The study of 12,763 middle-aged male participants from 1958 to 1968 across seven countries had showed that the relative incidence of new coronary heart disease was linearly related to the cholesterol levels in different ethnic groups. [5] Subsequent observational epidemiologic studies had shown a linear correlation between total cholesterol level and the risk of coronary events in Framingham cohort. [6, 7] In the 1970s, the discovery of statin led to a revolutionary advance in treating atherosclerotic disease. Series of statin-specific clinical trials had consistently confirmed that these drugs could lower cholesterol and reduce the risk of cardiovascular disease (CVD), [8] which has suggested that the causal role of cholesterol in AS. The cholesterol theory, however, has been challenged by the role of the pleiotropic effect of statin. This review will clarify the cholesterol principle by discussing the following key questions.
Q1
. Is statin-mediated cardiovascular disease reduction dependent on the dose of statins or the degree of low-density lipoprotein-cholesterol lowering?
In the Scandinavian Simvastatin Survival Study (4S study), the first secondary prevention study of statin, [9] simvastatin treatment resulted in a 42% reduction in the relative risk of death from coronary heart disease, which was the largest reduction among the subsequent studies comparing other statins with placeboes such as CARE, [10] LIPID, [11] HPS, [12] and LIPS. [13] What is the basis for this larger benefit? Baseline characteristics analysis found that the average LDL-C level of the 4S study participants was as high as 180 mg/dL. In the treatment group, the relative LDL-C reduction of 35% yielded an absolute LDL-C decrease of 63 mg/dL, which was the most significant [ Figure 1 ]. These placebo-controlled studies have shown a linear correlation between absolute LDL-C reduction and CVD risk reduction. PROVE-IT, [14] A-Z, [15] TNT, [16] IDEAL, [17] and SEARCH studies [18] which compared high-dose and low-dose statins also demonstrated the same trend seen in placebo-controlled studies. From these studies altogether, the greater absolute reduction in LDL-C resulted in greater decline in CVD risk suggesting the absolute degree of LDL-C lowering determines the decline of the CVD risk regardless of statin dose [ Figure 2 ]. The meta-analysis also showed that in patients with satisfied LDL-C goals (<70 mg/dL) following statin therapy, and the risk of events in patients with LDL-C reduction by >50% was significantly lower than that in patients with LDL-C reduction by <50%. [19] The absolute degree of LDL-C lowering by statins depends not only on the intensity of the drug but also on the baseline LDL-C level and the patient's response. The lower the baseline LDL-C level, less benefit is achieved from the same relative degree of LDL-C lowering. Studies confirmed that there is an individual patient-to-patient difference in statin response. The same dose of statins can lead to a different degree of lowering LDL-C, [20] while the degree of lowering LDL-C determines the progression of plaques [21] and causing different degree of risk reduction of the events. [22] It is suggested that the benefits of statin therapy are not determined by the dose but by the degree of LDL-C lowering; high-dose statins may not result in the expected decline in LDL-C, and the same cardioprotection was expected.
Q2. Can short-term high-dose statins therapy reduce the risk of long-term cardiovascular events?
Loading dose statins therapy in the postoperative period of percutaneous coronary intervention (PCI) has always been controversial. The early ARMYDA study, including 150-300 participants found that the preoperative loading dose statins use, could reduce cardiovascular events. [23] [24] [25] However, subsequent ALPACAS study in the Chinese and Korean populations showed pre-PCI intensive statins therapy did not significantly reduce the risk of 30-day major adverse cardiac events (MACE) compared with conventional dosing statins therapy; [26] the ISCAP study also confirmed that the peri-PCI loading dose statin therapy did not have any protective effect. [27] Studies in patients with stable angina pectoris undergoing planned PCI also showed that loading dose statins treatment 2 days before the procedure did not reduce long-term MACE. [28] The recently published SECURE-PCI study showed that post-PCI loading dose statin therapy did not reduce the risk of major cardiovascular endpoints in whole participants (30 days of all-cause mortality, nonfatal myocardial infarction [MI], stroke, and unplanned PCI) compared with the control group. [29] The STICS study investigating statins treatment before and after cardiac surgery also showed that preoperative loading statin therapy in patients undergoing planned cardiac surgery did not reduce postoperative cardiac complications. [30] These studies consistently suggest that short-term high-dose statins use has no effects and cannot reduce cardiovascular events.
Q 3 . D o e s t h e s a m e d e g r e e o f l o w -d e n s i t y lipoprotein-cholesterol lowering by nonstatins lead to proportionate reduction in cardiovascular disease events?
The IMPROVE-IT study confirmed for the first time that nonstatins had further cardiovascular benefit in combination with statins. Compared with statins alone, ezetimibe plus statins further lowered LDL-C levels (53.7 mg/dL vs. 69.5 mg/dL) and reduced the risk of primary endpoints (cardiovascular death, MI, hospitalization for unstable angina, revascularization, or stroke >30 days after randomization) by 6.4% (P = 0.016). [31] The subsequent FOURIER study [32] and the recently published ODYSSEY outcome study [33] both confirmed that the addition of nonstatins PSCK9 inhibitors to statins therapy further reduced LDL-C and showed significant benefit in cardiovascular endpoint and even all-cause mortality.
It should be noted that meta-analysis of 25 statins studies showed a reduction by 1 mmol/L in LDL-C produced a reduction in CVD risk by 22%, [34] while eight nonstatins studies also showed a reduction by 1 mmol/L in LDL-C caused a reduction in CVD risk by 22% [34] suggesting that achieving the same reduction degree in LDL-C by nonstatins therapy can have the benefit of the similar reductions in CVD risk [ Figures 3 and 4] . It is suggested that the benefit of lipid-lowering therapy is related to the degree of lowering LDL but not to the approaches to LDL-C lowering.
Q4. High-dose statins versus combination therapy: Which is more effective in lowering low-density lipoprotein cholesterol?
Humans have a fine-tuned mechanism for maintaining cholesterol homeostasis. When statins suppress cholesterol synthesis in hepatocytes, this is detected by sterol regulatory element-binding protein (SREBP) which triggers a series of compensatory responses to elevate intracellular cholesterol. For example, promoting the uptake of circulating LDL-C by hepatocytes through upregulating the expression of the LDL receptor, which is also the main mechanism by which statins lower LDL-C. At the same time, cholesterol-sensing nuclear factor SREBP can increase the expression of HMG-CoA reductase to enhance cholesterol synthesis. More importantly, SREBP could upregulate hepatocyte PCSK9, which promotes the degradation of LDL receptors. In addition, SREBP can also upregulate NPC1L1 expression of intestinal cells to increase the intestinal cholesterol absorption. These compensatory mechanisms make it difficult to enhance the therapeutic effect by boosting statin. In the context of the "6" principle (doubling the dose of statins leads to LDL-C reduction by only 6%), three times of doubling the dose of statins (8-folds of the dose) can only increase the efficacy of LDL-C lowering by 18%. [35] However, combining various cholesterol-lowering drugs with different mechanisms of action can significantly lower the lipids. For example, the combination of ezetimibe 10 mg with the statins can reduce the LDL-C by 25%. In MI, patients with the baseline LDL-C of 150 mg/dL, atorvastatin 20 mg + ezetimibe 10 mg resulted in an absolute reduction by 83.6 mg/dL in LDL-C, and a decrease by 41.3% (more effective than atorvastatin 80 mg alone) in CVD risk [ Figure 5 ]. [36] 
ConClusion
Lowering LDL-C is a cornerstone and important strategy for the prevention and treatment of ASCVD. The benefit of reducing ASCVD by statins is completely dependent on the absolute reduction of LDL-C. Several studies have confirmed that nonstatins can achieve the same cardiovascular endpoints benefit as statins by lowering LDL-C by the same extent. In addition, compared with high-dose statins, statins combined with nonstatins, such as ezetimibe, can more effectively lower LDL-C and can result in a more significant reduction in the risk of CVD. Therefore, this therapy is a lipid-lowering option with significant efficacy and sufficient evidence of benefit in clinical practice.
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